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Abstract Until recently, there were only a few ground-based observations of terrestrial gamma ray
flashes (TGFs). Since the Telescope Array in Utah, USA, started reporting detections of high-energy
particles correlated with lightning, their number has greatly increased. Ground observations of TGFs
represent a valuable addition to space-borne detectors. The proximity to the event and the ability to
observe an event with several detectors may reveal new information about the production of TGFs. In this
paper, we study downward directed TGFs using Monte Carlo modeling of photon transport through the
atmosphere. The Telescope Array-observed pulses of gamma rays spread over periods of a few hundred
microseconds. We predict such structures to be observable at satellite altitude, given sufficient time
resolution. Additionally, we demonstrate how various source spectra would lead to different number of
photons reaching ground, which impacts the conclusions one can draw using observational data.
Plain Language Summary Terrestrial gamma ray flashes (TGFs) are bursts of high-energy
photons that originate in thunderstorms. TGFs have been routinely observed from space since their
discovery. Until recently, there were only a few ground-based observations of TGFs. Their number has
increased since the Telescope Array started reporting detections of high-energy particles at the same time as
lightning. Ground observations of TGFs represent a valuable addition to detectors in space. They are closer
to the source of the event, and it is possible to observe a single event with several detectors. Because of
this, ground observations may reveal new information about the production mechanisms of TGFs.
We study downward TGFs by modeling photons moving through the atmosphere. The Telescope
Array-observed pulses of gamma rays. We predict that similar pulses should be observable by satellites,
given sufficient time resolution. TGFs are thought to start out as photons moving in a cone-shaped beam.
We want to find the shape of this beam from ground observations, but photons interacting with the atmo-
sphere changes how the beam looks. We determine the beam shape by the photons' positions on ground.
We also find that the number of photons reaching ground is dependent on the photons' initial energies.
1. Introduction
Terrestrial gamma ray flashes (TGFs) are bursts of high-energy photons of submillisecond duration orig-
inating in thunderstorms. TGFs are bright enough to have been routinely observed from space since
their discovery by Fishman et al. (1994) using the BATSE instrument aboard the Compton Gamma Ray
Observatory. Since then, they have been detected by several other satellites, notably Fermi, the Reuven
Ramaty High Energy Solar Spectroscopic Imager (RHESSI), and Astrorivelatore Gamma a Immagini LEg-
garo (AGILE) (e.g., Briggs et al., 2010; Grefenstette et al., 2009; Marisaldi et al., 2010). The energy spectrum
of TGFs suggests that they originate as bremsstrahlung from Relativistic Runaway Electron Avalanches
(RREA) (e.g., Dwyer et al., 2012; Gurevich et al., 1992), but the exact initiation mechanism remains dis-
puted (e.g., Dwyer, 2008; Celestin & Pasko, 2011). TGFs observed from space are considered to be produced
between 10 and 15 kmaltitude (e.g., Cummer et al., 2014; Xu et al., 2012), in associationwith the propagation
of positive intracloud (IC) lightning (e.g., Cummer et al., 2015).
In recent years, there have also been occasional observations of gamma ray flashes from the ground. Two
cases from rocket-triggered lightning (Dwyer et al., 2004; Hare et al., 2016), as well as two cases in associa-
tion with negative cloud-to-ground (CG) lightning (Dwyer et al., 2012; Tran et al., 2015), have been observed
in Florida, USA. Gamma ray flashes have also been observed from ground during Japanese winter thunder-
storms (e.g., Enoto et al., 2017; Smith et al., 2018).While the observations by Dwyer et al. (2004), Dwyer et al.
(2012), Enoto et al. (2017), and Hare et al. (2016) were made by several detectors simultaneously, the total
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number of photons received was limited, and the events are few and far between. The number of ground
observations of gamma ray flashes from thunderstorms increased significantly as unusual observations cor-
related to lightning activity were reported from the Telescope Array (TA) in Utah, USA (Abbasi et al., 2017,
2018). The TA is a cosmic ray observatory which has an instrument of more than 500 scintillation detec-
tors in a square grid with 1.2-km spacing called the Telescope Array Surface Detector (TASD). The observed
events originate less than 5 km above ground level and are correlated with downward propagation of neg-
ative leaders. The large detector grid of the TASD gives an unusual advantage in observing TGFs from the
ground—each event is registered across several detectors, giving a much clearer picture of the spatial and
temporal shape of the signal than what single observation points are capable of.
To better be able to interpret observations such as thosemade by the TA, wemodel downward directed TGFs
using a Monte Carlo model of photon transport through the atmosphere. The TGFs are considered to be
beamed downward, that is, produced by electrons accelerated in the direction of negative CG lightning. Our
aim is to quantify how differences in time structure, geometry, and energy spectrum of the initial gamma ray
flash present in ground-based observations. Abbasi et al. (2018) observed time structures consisting of 10-μs
pulses spread over a few hundred microseconds. We find that such structures should also be observable by
satellites, given sufficient time resolution. The detector grid of the TASD gives unprecedented information
about the geometry of TGFs. However, atmospheric effects cause distortion of the initial beam shape. To
resolve this, we define a parameter space from the observed photons' position, which can uniquely identify
most possible geometries of the initial TGF beam.We also find that the number of photons reaching ground,
as well as the shape of their energy spectra, strongly depends on the initial spectrum of the TGF.
2. Model
We model the behavior of TGFs by simulating individual photons moving through the atmosphere. The
model we use is based on the Monte Carlo model described in Østgaard et al. (2008). The photons originate
at a point source, and their velocities are distributed uniformlywithin a cone-shaped beamof predetermined
width. Values of the beam width are varied from 10◦ to 45◦ half-cone angle, which covers the range found
in the literature—Abbasi et al. (2018) found their observations to be consistent with a beam with a 16◦ half
angle and Gjesteland et al. (2011) found a half angle between 30◦ and 40◦ to be consistent with RHESSI
observations. We also used different tilts of the beam, ranging from 0◦ to 35◦. The source altitude is set as
12 km for upward TGFs (e.g., Cummer et al., 2014; Xu et al., 2012), and 3 km for downward TGFs (Abbasi
et al., 2017).
Each photon is launched with an initial energy following a predetermined energy spectrum and is given a
position and direction from the distribution of a chosen initial geometry. We use the exponential spectrum
associated with RREAs with a cutoff energy at 7.3 MeV (e.g., Coleman & Dwyer, 2006; Dwyer, 2008) as a
reference case, as well as spectra associated with different leader potential drops (Celestin et al., 2015).
A path length between particle interactions is determined based on the total probability of interaction. Then,
the type of interaction is determined from their relative probabilities given by cross sections. The interactions
accounted for are Compton scattering, pair production, and photoelectric absorption. The cross sections for
Compton scattering and pair production are taken from the NIST Standard Reference Database of photon
cross sections (XCOM; Berger et al., 2010). The cross sections for photoelectric absorption are fromLehtinen
(2000). We assume an atmospheric composition of 80% N2 and 20% O2. Each photon is kept track of until
its energy falls below 10 keV, or until it reaches satellite altitude or the ground. Satellite altitude is set as
500 km throughout this paper.
3. Results and Discussion
3.1. Time Dispersion
Figure 1a shows the impulse response of an instantaneously produced TGF on ground and at satellite alti-
tude at radial distance 1,166 m and 200 km, respectively. Ninety percent of the photons from a simulated
downward directed TGF impulse with source at 3-km altitude reach ground in about 1.5 μs. For an upward
TGF impulse originating at 12 km, it spreads over more than 57 μs. This shows that time dispersion due
to scattering of the gamma rays is smaller on the ground than at satellite altitude. We have verified that
this is due to shorter distances traveled, not to the number of times each photon is scattered. However, the
majority of photons at satellite altitude arrive within a very short time. As an example, the first 60% arrive
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Figure 1. (a) Impulse response of an instantaneous TGF at satellite altitude (green) and ground (blue). Both lines are
normalized to peak at 1, to best compare the shape of the light curve. (b) Normalized cumulative sum of photons from
an instantaneous TGF arriving at satellite altitude (green) and ground (blue). The points where 60% and 90% of
photons have arrived are marked with dashed lines.
within 1.6 μs (see Figure 1b). The long duration to reach 90% is due to a minority of photons. Abbasi et al.
(2018) observed time structures of less than 10 μs over a few hundred microseconds. Since the duration of
the impulse response is only a few microseconds, we conclude that such structures should be observable at
satellite altitude given sufficient time resolution, if they are present in upward TGFs.
Space-based detectors have observed some TGFs to be pulsed. While the duration between pulses is gener-
ally in the order of milliseconds (e.g., Fishman et al., 1994; Marisaldi et al., 2014; Mezentsev et al., 2016),
overlapping pulses with submillisecond separation also occur (Briggs et al., 2010; Foley et al., 2014; Stanbro
et al., 2018). It remains an open question whether this is due to different production mechanisms for the
Figure 2. A simulated terrestrial gamma ray flash initiated at origin and
3-km altitude with a beam width of 20◦ and a tilt of 30◦, as it would be
detected by an ideal detector setup similar to that of Abbasi et al. (2017,
2018). Each point represents one detector. The point size corresponds to the
logarithm of the number of photons hitting each detector, while the color
corresponds to the median time of arrival in microseconds. The black cross
shows where the middle of the projected beam would have hit in vacuum,
the ellipse marks the footprint of the beam without atmospheric effects.
The red cross marks the mean as calculated from the hits in the detectors.
events of Abbasi et al. (2017, 2018) and TGFs detected from space, or
whether such time structures always exist but are not observable. The
latter case could be due to detector limitations.
3.2. Geometry
Figure 2 shows simulation results illustrating how an idealized TASD
observation could look for a TGF with a tilt of 30◦ and a beam width of
20◦. It is reminiscent of the detections reported in Abbasi et al. (2017),
where the events observed by the TASD also tend to register in more than
10 detectors. This simulation shows the difficulty of accurately inferring
the original geometry from such detections. The black cross shows where
the middle of the projected beamwould have hit in vacuum, and the gray
ellipse marks the footprint of the projected beam. The red cross marks
the mean as calculated from the hits in the detectors. We can see how the
mean is shifted toward the TGF source, here set at origin, as the photons
had to traverse less atmosphere on this side of the beam. The observed
footprint is also significantly blurred.
To quantify how results of this kind can be used to determine the geom-
etry of the initial beam, we have analyzed a series of simulations with
different initial conditions. The beam width was varied from 10◦ to 45◦,
and the beam was tilted between 0◦ and 35◦ (see Figure 3 for an illus-
tration of the geometry). We define the axis of the tilt, meaning the line
between the footpoint of the TGF's initial position and the mean posi-
tion of the photons that reached ground, as the x-direction. Thesemetrics
can be applied to real detections, as the source position can be deter-
minedusing a lightningmapping array (Abbasi et al., 2018), and themean
position is a relatively accurate measure even with discrete detectors.
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Figure 3. Configuration of the initial beam geometry. The beam width is varied from 10◦ to 45◦, and the beam is tilted
between 0◦ and 35◦.
Saving the positions of all photons that reached ground in the different configurations, we created a param-
eter space of the mean and standard deviation of the photons' position along the tilt axis, x. The results
can be seen in Figure 4, where each point represents a different initial configuration. Most configurations
have a uniquely defined position in this parameter space, indicating that the initial geometry can be found.
However, a few initial configurations yield similar results and make identification difficult. This concerns
combinations of larger tilts (≥20◦) and verywide beams (>40◦). The error bars signify the difference inmean
and standard deviation obtained from calculating the values from discrete detectors representative of those
used by Abbasi et al. (2017, 2018) (as in Figure 2), rather than using the exact positional values from our
simulations. The difference of the mean values is very small, while for the standard deviation the change
is larger. The calculated standard deviation will increase with the distance between detectors. The points
of the parameter space remain resolved, just shifted upward, for most configurations, especially around the
middle of the angular ranges used. This remains the case when the beam is aligned differently with respect
to the detector grid. Through simulations, one can calibrate the expected increase in standard deviation to
specific detector grids.
To further distinguish detections where this parameter space is inconclusive, one can consider the asym-
metry of the detection, that is, how many detections fall below the mean position compared to above.
The asymmetry generally increases with both tilt and beam width but is sensitive to the alignment of the
beam with the detector grid. Such considerations would therefore have to be made with simulations on a
case-to-case basis.
3.3. Energy Spectra
The initial energy spectrum of a TGF depends on its exact production mechanism. We use initial spectra
corresponding to runaway electrons produced in inhomogeneous fields at leader tips with potential drops
from 60 to 300 MV (Celestin et al., 2015) and an exponential spectrum with cutoff at 7.3 MeV as produced
by a full RREA developing in a large-scale electric field (e.g., Coleman & Dwyer, 2006). The different initial
spectra can be seen in Figure 5. Different leader potential drops are thought to be associated with different
numbers of initial photons, where the harder spectra correspond to a greater number of photons (Celestin
et al., 2015), see Table 1. TGFs are generally considered to start out with around 1018 photons (e.g., Smith
et al., 2011; Østgaard et al., 2012). Here we use 2 ·1018 photons in the RREA case, which is the same number
as for the 300-MV potential drop spectrum. We only consider photons with energies greater than 10 keV.
Photons lose energy as they propagate through air. Consequently softer spectra have a lower percentage
of the photons reaching ground, as more photons will be absorbed during propagation. Table 1 shows the
fraction of photons reaching ground for the different initial spectra used. The decrease in number is more
severe for softer spectra. The resulting energy spectra on ground with their respective magnitudes can be
seen in Figure 5b.
It follows that both the shape of the energy spectrum and the number of photons observed on ground depend
on the initial spectrum. This should be taken into account when making estimates of the initial conditions
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Figure 4. Parameter space with mean position along the x axis versus standard deviation of position along x. The x axis
is defined as the line between the source and the mean position of detections. Each point on the plot represents one
simulation with given initial conditions. The color and shape vary with the tilt angle, while the beam width is printed
next to each point. The error bars describe the difference we get if the numbers are calculated from discrete ideal
detectors representative of those used by Abbasi et al. (2017, 2018), rather than from each photon's exact position.
corresponding to a ground observation, as the difference between the 60 MV and the RREA case is almost
an order of magnitude.
As an example, if one considers the case of the 60MVpotential drop and 6·1014 initial photons, only∼4·10−5
of them reach ground, giving a total of ∼2 · 1010 photons that could be observed. For harder spectra, such
as the RREA spectrum, the fraction is much higher—out of one, ∼4 · 10−4 reach ground. If one were to have
such an observation and calculate the number of initial photons, but using the rate of photons reaching
ground with the RREA spectrum, one would find ∼ 6 · 1013, an order of magnitude too few. As the initial
Figure 5. (a) Initial photon energy spectra corresponding to leader potential drops from 60 to 300 MV and a RREA
spectrum with cutoff at 7.3 MeV. The spectra's magnitudes are aligned, not accounting for a difference in number of
photons. (b) Photon energy spectra as they present on ground, corresponding to leader potential drops from 60 to
300 MV, and an exponential RREA spectrum with cutoff at 7.3 MeV.
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Table 1
Initial Number of Photons and the Simulated Fraction of Photons Reaching
Ground for the Different Spectra in Figure 5
Spectrum Initial number Fraction reaching
of photons ground
60 MV 6 · 1014 4.0 · 10−5
160 MV 4 · 1016 1.5 · 10−4
300 MV 2 · 1018 1.9 · 10−4
RREA 2 · 1018 3.7 · 10−4
Note. Initial numbers as function of potential drop are fromCelestin et al. (2015).
number of photons associated with softer spectra is presumably lower, this can explain the range of 1012 to
1014 initial photons obtained by Abbasi et al. (2018).
4. Conclusion
The conclusions of this work can be summarized as follows:
1. Despite the differences in distance traveled by the photons, the time dispersion seen in the impulse
responses of TGFs measured at satellite altitude and at ground share a steep peak lasting only microsec-
onds. If pulses of duration shorter than 10μswith tens ofmicroseconds separation occur in the production
of TGFs, they should be observable from space, given instrumentation with sufficient time resolution.
2. Most TGF beaming geometries can be uniquely identified by the mean and standard deviation of the
detections position along the tilt axis. Further distinction could be doneusing ameasure of the asymmetry
along the tilt axis on a case-to-case basis. This demonstrates the great potential of establishing the TGF
source position using arrays of evenly spaced ground-based gamma ray detectors along with lightning
mapping.
3. The number of photons arriving at the ground is heavily dependent on the photons initial energy spec-
trum, which may be a source of error when evaluating the number of photons at the source. Abbasi et al.
(2018) estimate their observations to correspond to 1012 to 1014 initial photons. This could be consistent
with a burst of gamma rays produced by lightning leaders forming potential drops of 60 MV.
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